Potential contamination of a spacecraft cryogenic surface by a xenon (Xe) ion generator (ref. 1) has been evaluated. The analysis involves the description of the plume exhausted from the generator with its relative component fluxes on the spacecraft surfaces, and verification of the conditions for condensation, adsorption, and sputtering at those locations. The data describing the plume fluxes and their effects on surfaces were obtained from two sources: the tests (ref. 1) carried out with the Xe generator in a small vacuum chamber to indicate deposits and sputter on monitor slides; and the extensive tests with a mercury (Hg) ion thruster (ref. 2) in a large vacuum chamber. The Hg thruster tests provided data on the neutrals, on low-energy ion fluxes, on high-energy ion fluxes, and on sputtered materials at several locations within the plume. From these indications, and a technique used in ref. 3, the value of the angle from the plume centerline, corresponding to half the maximum value at the centerline of the flux under consideration, has been used to describe the plume for each component. The plumes are described by the mass flows, by the distances from the exit plane, and by a power of the cosine of the angle. The derivation of this relation (as indicated in ref. 3) was obtained by measuring and fitting the flux produced by a nitrogen plume to a cosn0 function. The nitrogen at different pressures (2 to 50 torr) exhausted from
INTRODUCTION
Among the many factors to be evaluated for the employment of a plasma ion thruster engine on a spacecraft, one must consider: the potential contamination of nearby surfaces; the charging of the spacecraft by charged particles; the sputtering of surfaces; the modification of the environment by the neutrals and charged particles from the engine;
the propulsive force not being applied through the spacecraft center of mass; and the electric fields produced by the engine modifying the environment and inducing objectionable interference frequencies.
In this paper, an evaluation of the contamination hazards of the Xe plasma emitted from an ion generator engine system is carried out, and methods to carry out similar analyses are explained. The specific example of an Xe ion generator, (Figures 1 and 2) suggested for application as a charge discharge system for a spacecraft carrying contamination-sensitive instruments (refs. 1,4, 5) , has been studied to evaluate some of the effects indicated above. In general, the effluents will exit with a distribution that may be described with a power of the cosine function. The cold plasma is affected by electromagnetic fields created in the thruster. 
CONTAMINATION EVALUATION HAZARDS
For a gaseous source with a given volumetric flow rate q (cm3/s) and gas with mole mass M, the corresponding mass flow rate is rh = QM/V (g/s) where V = 22.4 x 103 (cm3/mol).
The adiabatic exit flow velocity of the gas expanding into vacuum is v = [2 7RT/M (1-7)] 1/2where T (K) is the temperature acquired by the gas at the source, 7= Cp/Cv is the ratio of the gas' specific heat, which is 1.66 for monoatomic gas, and 1.4 for diatomic gas, and R = 8.31x 107 (erg/mole/K) is the gas constant.
The plume distribution of the emitted gas can be described approximately by a power of the cosine function.
The function was derived using experimental data obtained from measurements in the plume of a low-pressure vent from a pipe (ref.
3). The flux as a function of the angle 0 (°) from the plume axis, r (cm) the distance from the vent exit, is:
where the exponent n (n = 1, 2, 3,...) represents the divergence of the plume shape from the cosine to the first power distribution.
The value of n, as indicated in ref. 3, can be obtained from a normalized plot of the flux or from any parameter describing the plume as a function of the angle from the plume centerline. The angle 01/2 corresponding to 50% of the maximum value at the centerline, is a measure of the plume spread. A graphical representation of cosn0 versus angle 0 with n as a parameter is shown in Figure 3 .... :}.. 
FIGURE 9
The molecular flux corresponding to the mass flux is:
where A = 6.03 x 1023 (molec/mole) is the Avogadro number.
The density at a location in the plume can be described by:
with the symbols defined previously. The pressure P, using as the reference the atmospheric density for air Po = 2.45 x 1019 (cm 3) at Po = 760 torr and Mo = 28 (g/mole), is:
A back-flow scatter flux can be esitmated assuming a molecular scatter at the furthermost gas streamline where the flux or the density is known. The portion of the flux directed backward could be estimated very roughly to be 1/6 accounting for six possible directions of scatter.
On an impinged surface, there is an increased density due to the reflected molecules combining with the arriving molecules. The reflected number and energy depend on the accommodation of the incoming molecules on the surface at its temperature and surface conditions. As a first approximation, one may assume full accommodation at the temperature T s of the surface so that pv = 1/4 PeVe
and v e = zr . The density at the surface is then:
and the corresponding pressure:
Condensation:
Given the conditions of the impinged gas at surface (Pc, Pc' ¢_e'®' ne) and the surface temperature T s, one can obtain the vapor pressure of the gas at the temperature of the surface Ps, and can calculate the eventual rate of evaporation of the condensed gas, using the Langmuir equation: If (be > _ or Ps > Pc; i.e., the evaporation parameters are greater than the impinging parameters, the condensation cannot occur. However, an adsorption of some molecules on the surface can occur. The accumulation described by its thickness is:
where t (s) is the accumulation time and p (g/cm 3) is the density of the condensate.
Adsorption:
As indicated, if Ps > Pc, no condensation is possible but adsorption of some molecules can occur. Thenonpropulsive sputtered materials (Np)werenot present atangles greater than40°,45cmdownstream ofthe thruster exit.
Thetest onhigh-energy Hgions(Pb, Group I) indicated that thecurrent density was50% ofitsmaximum atan angle of8°fromthethrust axisand 38cmfromtheexit. This indicates anarrow plume describable withacosine function toapower of about 70. torandisofrelatively lowmagnitude; theinternally sputtered materials are Mo,Re, iron(Fe), calcium (Ca), platinum (Pt), strontium (Sr), tantalum (Ta), andBaCo 3.Theplasma energy atstart-up andunder transient conditions canbeas high as100 eV,sufficient fortheXesputtering ofseveral of theabove materials. Test data fromtheengine operation in avacuum chamber indicate nodeposits orerosion onwitness slides atnormal temperature located at40and6 degrees fromtheengine centerline ata distance oflessthan30cm fromtheexit plane. Some carbon and sodium were found on oneoftheslides mounted belowtheengine. Thedeposits were later attributed tobackstreamed vacuum pump oil.
Thecharge exchange (Pb,Group II) ionsformed by collision ofionsamong themselves andwithneutrals indicated bya 0 of about 37°. The plume cosine power can be represented with an n of about 4. A plume with n = 4 is shown in Figure 8 .
The low-energy plasma ions (Px) produced by the charge exchange reaction between the high-energy ions with neutrals appear to show a 0t/2 = 30--35°, which requires an n between 5 and 10. A plume for n = 5 is shown in Figure  9 .
The neutrals Hg (Po), which may be 20-25% of the total effluent during steady-state operation, appear to have a 01/2 at 45-46°, indicating an n of about 2. Plume distribution for n = 1 and 2 are shown in Figures 5 and 6 .
In Figure 5 , the locations of the slides used to monitor contamination during the Xe plasma discharge control system tests in the small vacuum chamber are shown. The location of the critical surface at 80 K, 100 cm away from the exit has been shown on the plots. This cold surface would be present with the suggested application of the Xe system.
From this analysis, one concludes that contamination or damage to surfaces will not occur within a relatively large field of view of the discharge system. Contamination on surfaces at a large angle from the exit may be produced by neutral effluents which are emitted within a plume describable conservatively by a cosine function to the first power.
APPLICATIONS
As an application of the above, we have considered the possible contamination hazards of the proposed installation of the Xe ion discharge system on a meteorological satellite that includes instruments with radiator surfaces at temperatures of about 100 K. The 100 K surface is at a distance of 1 m at an angle of 80°from the plasma source exit. According to the designers (ref.1), the generator operates in the following manner. The Xe ion system releases 0.5 cm3/min ofXe (M = 131 g/mole) at a temperature of 300 K and produces a thrust of a few milliNewtons. The energy of the produced cold plasma is 15 eV and of the high-energy plasma is 28 eV. The dipole electromagnetic field is mostly contained within the genera-From the above data and the test data of the Hg thruster, one may conclude the following: the engine plasma with energies of 15 and 28 eV will be contained within a narrow plume of less than 40 degrees and the ions will not impinge directly on a surface if that field of view (FOV) is unobstructed. Some of the less energetic ions can be directed by the electric field produced by the engine to adjacent spacecraft surfaces, but they will be neutralized and desorbed.
Only a few will be held by surface forces and remain on the surfaces. A small amount of material will be sputtered in the engine and then released. The amount that can be sputtered is small because the threshold energies for the sputterable materials (ref. 6) are greater than 30 eV and the available energies are less than 28 eV. However, at start-up and under transient conditions with energies of 100 eV, some materials may sputter. Such particles will be ejected within an angle of less than 10 degrees.
The arrival and the effects of the Xe neutrals and ions on the 100 K surface must be evaluated. Figure 5 plots the flux distribution _/m (cm -2) as a function of the X and Y coordinates with the origin at a source that releases m (g/s) of gas. The plot is for a cosine plume distribution (n = 1). It shows the locations of the 100 K surface and of the witness slides used to monitor during the tests. Other plots for n = 2, 4, and 5 in the equation are also shown for convenience.
The mass rate of Xe released corresponding to the given volume flow rate of 0.5 cm3/min is m = 4.87 x 10 -5 g/s. For maximum spread of the plume; i.e., n = 1 with r = 100 and 0 = 80, the flux at the cold surface is 2.67 x 10 -t°g/cm2/s, which is also obtainable from the plot, indicating _/m = 5.5
x 10 -6 cm -2 at that location. The corresponding molecular flux is 1.23 x 1012 cm -2 s -1. The adiabatic velocity is 318 rn/ s so the density of the directional flux at the cold surface is 3.86 x 107 cm -3 and the equivalent pressure is 5.49
x 10-9 ton-. The actual density and pressure accounting for molecular reflection are 3.86 x 108 cm -3 and 5.47 x 10 -7 torr, respectively.
With the above impinging parameters, if condensation were to occur at 100 K, the Xe vapor pressure at that temperature would be 0.75 torr and the evaporation rate using Langmuir's equation would be 4.96 x 10-2 g/cm2/s. For these conditions, the condensation cannot occur, since the condensate vapor pressure and the rate of condensate evaporation are greater than those impinging at the surface.
Thereflected fluxfromthesurface, reflecting withacosine distribution could impinge onasurface initsfieldofview. However, the condensation isagain impossible ifthesurface temperature is higher than100K.
A number ofmolecules or atoms can be held at the 100 K surface by van der Waal forces. An estimate can be fould using the method indicated above. Tests on the adsorption of Xe on palladium (Pd) indicated an adsorption activation energy ofE = 4.5 Kcal/mole (ref. 7) . Using this energy in the absence of data on Xe adsorption with t = 10 x 10 -13 s and T = 100 K, the residence time will be about 5.92 x 10 --4s. The atoms' density on the surface is them about 7.27 x 108 cm -2 using a sticking coefficient of 1. A monolayer of Xe will consist of approximately 5.33 x 1014 atoms/cm 2, since the Xe atom's diameter is 4.9 x 10--8 cm and its cross section is then 1.87 x 10 -iS cm 2. The adsorbed molecules could be about one millionth of those needed to form a monolayer. It can be expected, however, that based on other factors, the surface would be covered with a few monolayers.
CONCLUSIONS
A method to evaluate the effects of gases originating from plumes or other direct sources impinging on sensitive surfaces located within their field of view has been described. It has been applied to a specific arrangement of an Xe ion plasma generator with a thrust of a few mN located near a cryogenic surface.
The method to be employed for the analysis is based on experimentally derived plume descriptions of emitted lowpressure vented gases and on test results of plume distributions from a similar ion engine. Simple relations for gas flow, kinetic gas theory and other practical approaches to analyze contamination hazards have been employed.
For the example showing the application of an ion generator on a spacecraft, it has been concluded that:
The Xe neutrals cannot condense on a surface at 100 K located 1 m away at an angle of 80 from the engine exit centerline;
• A fraction of a monolayer of Xe will be adsorbed on that surface;
As indicated by tests described elsewhere, it is expected that the plasma produced by this generator m a cold plasma with an energy of about 15 eV and a highenergy plasma of less than 30 eV--will exit the engine within a narrower plume distribution than the spreadout plume of the neutral Xe;
The flux of the narrow plasma plume on the cold surface will be lower than that of the neutrals, making condensation and adsorption less possible; 1.
. .
4.
7.
The energetic ions will be contained within a field of view of less than 40, as indicated by tests and will not impinge on a surface within that field;
Electromagnetic fields created at the engine may direct the less energetic ions to some surfaces, but the surfaces will neutralize and desorb them, allowing only a few to remain;
A small amount of sputtered material is expected to be released from the engine under transient conditions having energies higher than 30 eV. These will be ejected within an angle of less than 40°, and only a surface within this angle would be affected. 
